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Abstract. 
Dynamical equations for a polaron and bipolaron in a DNA duplex are obtained on the 
basis of Holstein-Hubbard Hamiltonian. It is shown that in a PolyA/PolyT duplex 
especially stable is a bipolaron state in which holes are localized on different chains of 
the duplex. With the use of the polaron and bipolaron free energy, the temperature of 
bipolaron decay is found to be Td ≈ 350 K which can serve as an approximate estimate 
of the superconducting transition temperature. The way of constructing 
superconducting nanowires on the basis of DNA is suggested.  
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I. Introduction. 
Ideas that organic molecules can possess superconductivity were suggested as early 
as in the middle of the last century [1, 2]. As applied to DNA, these ideas based on BCS 
theory were used in [3, 4]. Notwithstanding the fact that superconductivity in organic 
molecules was discovered long ago, superconducting properties of DNA have been 
found quite recently [5, 6]. 
Up to now, the question of the mechanism of charge transfer in DNA is still 
unclarified. Experiments demonstrate that DNA can be a dielectric [7, 8], a metal [9, 
10], a semiconductor [11-13] and, as was shown above, a superconductor [5, 6]. The role 
of polarons in the charge transfer process, which represent particle-like states arising as 
a result of an interaction between charge carriers (holes, as a rule) and oscillations of 
nucleotide pairs is pointed out in [14-18]. The fact that DNA can demonstrate 
superconducting properties shows that charge carriers may be holes in a bipolaron 
state. According to BCS theory [19], in ordinary superconductors, pairs of electrons 
with opposite momentums and spins, when interacting with phonons, form bound states 
whose Bose condensate in the momentum space provides superconductivity. In 
explaining the DNA superconductivity we based our research on the model in which 
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bound states, or bipolarons, form pairs of polarons with opposite spins of particles 
which leads to a Bose condensate with pairing in real space [20-23]. 
Earlier [24] we constructed such a model for the case of a PolyG/PolyC duplex in a 
single-chain approximation. In [25] the theory was generalized to the case when the 
holes were able to move along both the chains of the duplex in the approximation of 
independent oscillators: each nucleotide corresponded to its own oscillator.  
In this paper we use a more realistic model (section 2) in which an oscillator is put 
into correspondence not to an individual nucleotide, but to a Watson-Crick pair.   
In DNA, a superconducting state was observed at temperature T ≈ 1 K for aperiodic 
nucleotide sequences (λ-DNA) [5, 6]. In this case Bose condensation of a bipolaron gas is 
hardly realizable because of inhomogeneity of a nucleotide sequence. This may be a 
reason why the temperature of superconducting transition is low. Bipolarons in 
homogeneous nucleotide sequences can be more stable than in aperiodic ones. Here we 
will consider the conditions under which bipolaron states can form in homogeneous 
Poly G / Poly C and Poly A / Poly T DNA synthetic duplexes.  
 
II. Physical model. 
 
Recall that DNA consists of four types of nucleotides denoted by the type of their 
constituent nitrogenous bases as A (adenine), T (thymin), C (cytosine) and G (guanine) 
which unite into complementary (Watson-Crick) pairs so that nucleotide A always pairs 
with T and nucleotide G always pairs with C.  Two polymer chains pairwise coupled by 
hydrogen nucleotide bonds form a double helix. Now rather long duplexes with preset 
sequences of nucleotide pairs can be synthesized artificially. Of great interest are 
homogeneous duplexes which can serve as molecular wires in nanoelectronic devices 
[26]. In most experiments on charge transfer in DNA a charge is transferred not by 
electrons but by holes [26, 27]. If a nucleotide loses an electron, the arising hole has a 
potential energy V such that VG < VA < VC < VT. In the simplified DNA model under 
consideration we believe that the planes of nucleotide bases are parallel to each other at 
each instant of time and the distances between the planes of bases of neighbouring sites 
are unvaried, i.e. we deal with a standard DNA model. Hence we think that when holes 
are inserted into a DNA double helix, the chains are deformed in the region of the hole 
occurrence along the direction of hydrogen bonds (Fig. 1).  
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Fig. 1. Displacement of nucleotides along hydrogen bonds in the region of holes eh 
occurence in the bipolaron state. 
Transfer of a hole in DNA is determined by overlapping of its wave functions on 
neighboring sites. If the transfer occurs along DNA chains, then, in view of the assumed 
symmetry, overlapping integrals along each chain are practically independent of the 
intrasite displacements of nucleotides irrespective of the displacements length.  In this 
case overlapping integrals between the chains will depend on the sites displacements. 
However these integrals are less by an order of magnitude than those for neighbouring 
nucleotides on one chain. Hence, for small values of sites displacements a change in 
overlapping integrals will be small. It can be said that in our model maximum 
displacements of nucleotides occur along the direction of hydrogen bonds of each 
Watson-Crick pair. An additional argument in favour of the model is the fact that it is 
the limit case of the Peyrard-Bishop-Dauxois model which adequately describes 
dynamical properties of a DNA molecule [28].  
 
III. Mathematical model. 
Our consideration is based on a model of a double-stranded DNA which contains holes 
interacting with oscillations of nucleotide pairs (sites) considered as harmonic 
oscillators. Hamiltonian of the model, satisfying requirements of section 2, is a Holstein-
Hubbard Hamiltonian having the form [29-31]: 
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where σσσ jjj ccn
+
=ˆ , ↓↑↓−↑− +++= nnnnn nnnnn 221212 ˆˆˆˆˆ , j = 1,…,2N is the nucleotide number, n 
= 1,…,N is the site number (see Fig. 2), +na , na  are operators of the birth and 
annihilation of a phonon on the n-th site, +σjc , σjc  are operators of the birth and 
annihilation of a hole with spin σ on the j-th nucleotide,  ηij is a matrix element of the 
hole transition between neighboring nucleotides (i, j), g  is the constant of interaction 
between a hole and oscillations of nucleotide pairs, U is the Coulomb repulsion 
parameter, ħω is the energy of stretch oscillations of nucleotide pairs (oscillations along 
hydrogen bonds in a nucleotide pair) for which the interaction constant g is much 
greater than for other types of oscillations [32]. In the case of DNA, our model is 
physically equivalent to a Holstein molecular chain where each site contains a 
nucleotide pair rather than an atom pair. As distinct from the model in [25], here 
displacements of an oscillator on the site are affected by the total density of the inserted 
charges distributed on two nucleotides which leads to a very stable bipolaron on the A/T 
duplex; see equations (7) and (9) for polaron and bipolaron wave functions below. 
For an arbitrary DNA duplex containing N nucleotide pairs, we will use the numeration 
of nucleotides and sites (let the upper chain have the direction 5’→3’) shown in Fig 2:  
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Fig. 2. Numeration of nucleotides (j=1÷2N); at the bottom is the numeration of sites 
(n=1÷N). 
Then the electronic part of the Hamiltonian (1), which takes account of all the hole 
transitions between neighboring nucleotides, including those between nucleotides on 
complementary chains, can be written in a block tridiagonal form with blocks – 
matrices of the second order: 
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Diagonal elements of eHˆ  are the potentials of nucleotide oxidation [33], non-diagonal 
elements are exchange integrals between one-electron orbitals of neighboring 
nucleotides [34, 35]. In the following we use matrix elements of Hamiltonian eHˆ  
expressed in eV. 
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Fig. 3. Matrix elements of the hole transitions in G/C and A/T duplexes. 
Notice that as N→∞ the spectrum of allowed energies of the electronic Hamiltonian eHˆ  
represents two closed segments. For the duplex G/C these are segments ≈ [-0.166, 0.154] 
and ≈ [0.58, 0.75], which are strongly separated. For the duplex A/T the segments 
intersect. Fig. 4 shows the dependence of the points of the eHˆ  spectrum on the matrix 
element  b2 (N=11). In the case of a real value of b2=0.158 the band of T completely 
absorbs the band of A (VA=0.45 < VT =0.66). 
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Fig. 4. Dependence of the spectrum of the electronic Hamiltonian eHˆ  on b2  for A/T 
duplex. 
This difference in the spectra leads to considerably different properties of both polarons 
and bipolarons on G/C and A/T duplexes (see below).  
 
IV. Polarons at temperature T = 0. 
 
If the system contains only one hole and U=0, then spin indices in Hamiltonian (1) can 
be omitted. Let us pass on in Hamiltonian (1) from operators of birth and annihilation 
of phonons +na , na  to coordinates Qn : 
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As a result, for a polaron in a duplex, we will have a Hamiltonian: 
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−= h , M is the effective mass of a nucleotide 
pair, K=Mω2 is the elastic constant. Let us present the wave function Ψ  of a polaron 
corresponding to Hamiltonian (1) as an expansion in coherent states: 
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where 0  is the vacuum wave function, ( ) ( ) ( )tqtt nn ΨΨ=β , ( ) ( ) ( )tptt nn ΨΨ= ˆpi . 
With the use of (4), the total energy of the system ΨΨ= HE ˆ  will be written as: 
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Hamiltonian equations take on the form  
                                               ( ) jnjej Hdtdi ψαβψψ += rˆ ,                                                         (61) 
                                              
( )2221222 nnnn Kdtd ψψαββ +−−= − ,                                           (62) 
where j=2n-1, 2n, n=1,…,N. In the steady state from (61, 62) follows a stationary Discrete 
Nonlinear Schroedinger Equation (DNSE) for the polaron wave function  Njj 2 1}{ == ψψ
r
 
                                 ( ) ( ) jjnnjeH λψψψψκψ =+− − 222122ˆ r , j=2n-1,2n; n=1,…,N.                 
(7) 
Notice that in the steady case the form of equations (61, 62) is close to that obtained for 
high – Tc superconductors [36]. 
The value of 
ω
κ
h
24g
=  determines the interaction of a charge with sites oscillations and 
for DNA is equal to κ=0.5267 eV [37]. The ground state is determined by minimization 
of the total energy functional ( ) ( )∑∑ +−=Φ −
n
nn
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22
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normalizing condition being 1
2
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jψ . Fig. 5 presents the dependence of the polaron 
energy ( )][ ψrpp MinE Φ=  on the G/C duplex on κ/2 : 
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Fig. 5. Polaron energy on G/C duplex. 
On the G/C duplex one observes a continuous transition from a big polaron to a 
small one as κ increases, the polaron is concentrated on the chain G, the population 
density of the chain C is negligible (Fig. 6).  
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Fig. 6. Polarons on the duplex G/C, N=21, a: κ/2=0.33, b: κ/2=0.004. 
Fig. 7 shows the dependence of the polaron energy ( )][ ψrpp MinE Φ=  on the A/T 
duplex on  κ/2 : 
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Fig. 7. Polaron energy on A/T duplex. 
On the A/T duplex, there is a leap for a certain value of κ. At the leap point the 
ground state changes qualitatively which is called autolocalization. This phenomenon is 
associated with the structure of the Hamiltonian spectrum.  For large κ, the polaron is 
localized and nearly concentrated on the chain A (in Fig. 8a, κ/2=0.173, the population 
densities are: (A)N =0.76, (T)N =0.24), for some  κ, the polaron jumps onto the chain T 
and is delocalized (in Fig. 8b, κ/2=0.169 the population densities are: (A)N =0.06, (T)N 
=0.94). 
It can be shown numerically that at the point of jump, as κ decreases, the localized 
state loses its stability, or no longer remains the total energy minimum. 
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Fig. 8. Polarons on the duplex A/T, N=21, a: κ/2=0.173, b: κ/2=0.169. 
Interestingly that for the A/T duplex (Fig. 7), the dependence of the polaron energy on 
the coupling constant qualitatively coincides with the same dependence in 2D CuO2 
planes of high-temperature superconductors obtained in [36]. This fact testifies that, as 
distinct from G/C duplexes which are actually 1D electron systems, A/T duplexes are 
identical to 2D systems in their electron properties. 
 
 
 
 
V. Bipolarons at temperature T = 0. 
In a one-dimensional case, irrespective of a particular type of a molecular chain, 
bipolaron states for Hamiltonian (1) were considered in paper [31] in the anticontinious 
limit, i.e. for small values of the matrix element η. 
In the case of a bipolaron the wave function of the ground state of Hamiltonian (1) 
for DNA duplex has the form:  
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where npˆ  and nq  are determined by (3). Accordingly, the total energy ΨΨ= HE ˆ of 
the system is equal to 
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This expression yields the following dynamical equations for the bipolaron: 
  ( ) ( )( ) ijijmnijjeieij UHHdtdi ψδββαψψψ ++++= )()( ˆˆ rr , i=2n-1,2n; j=2m-1,2m, n,m=1,..,N,   
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Hamiltonian eHˆ  acts on the 1-st and the 2-d coordinates of the wave function 
N
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In the steady state from (81 ,82) we get a steady DNSE for the bipolaron wave 
function determining the state of a pair of holes with opposite spins: 
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(9) 
which is similar to equation (7) for the polaron wave function  
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changes into equation for the bipolaron wave function on a single-strand chain if we put 
ψij =0 for even indices i or j.  
The ground state is determined by minimization of the functional   
( ) ( ) 2
,
2
,
)()( 2
ˆˆ)( ij
ji
mn
i
iiij
ji
ijjeiebp UHH ψρρ
κψψψψψ ∑∑∑ +−++=Φ
rrr
 under condition of 
symmetry jiij ψψ =  and normalization 1
,
2
=∑
ji
ijψ . The ground state energy is equal to 
( )][ ψrbpbp MinE Φ= .  
In the case under study, when the charged particles are holes, the parameter U≠0. 
Its exact value is unknown but approximate value can be obtained from the following 
considerations. For two holes localized on one nucleotide, the energy of Coulomb 
repulsion is roughly equal to e2/2ε∞ℓ, where ε∞ is a high-frequency dielectric permittivity 
of a molecule, ℓ is a characteristic size of a nucleotide. For DNA, these quantities have 
the order of magnitude ε∞=2 [38], ℓ=3Å, , which yields for U the value U≈1 eV. For this 
value of U, localization of two holes on one nucleotide is impossible. A lower energy 
value is achieved when holes are localized on two or more nucleotides. 
The estimates U≈1eV, κ≈0.5 eV are approximate. Moreover, the value of κ can vary 
widely depending on external conditions. The value  κ≈0.5 eV corresponds to a “dry” 
 11 
DNA molecule. In a solution the value of κ can considerably enhance (according to [39, 
40] approximately 5 times). In this case the conditions of bipolaron formation will more 
likely be created.  
The condition of stability of bipolaron states for T=0 is determined by the 
inequality: 
                                                                  pbp EE 2< .                                                           (10) 
Bipolaron and polaron states were calculated by minimization of the functionals 
Φbp(ψij) and Φp(ψi) when symmetry and normalization conditions were fulfilled for the 
parameters κ, U, in the region containing their values for DNA mentioned above. Fig. 9 
shows the diagram of bipolaron states stability determined by inequality (10) on G/C 
duplex. 
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Fig. 9. Region of bipolaron stability on G/C duplex. 
As is seen from Fig. 9, the values of parameters κ=0.5267 eV and U=0.75 eV lie in the 
region of bipolaron stability on G/C duplex. The energy of bipolaron binding at these 
parameters is equal to pbp EE 2−=∆ ≈ -1.5·10
-4
 eV. 
Fig. 10 demonstrates charge densities ∑ −=
i
ninp
2
12,2 ψ of bipolarons on the 
boundary of the stability region   pbp EE 2=  on the chain  (G)N, N=21, population 
density of the chain (C)N is less than  0.003. 
 Fig. 10 suggests that in the stability region, the bipolaron bound state is formed by 
polarons, localized on sites, separated by 0, 1, 2, …, 6 intersite distances. Notice that in 
the case of U=0 the bipolaron state is stable for any parameter values, the state with the 
lowest energy corresponding to a two-particle state localized on one nucleotide.  The 
bipolaron state with U=0 could correspond to Frenkel biexiton self-localized states. As 
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U=∞, i.e. when the holes are separated by a large distance, the bipolaron state on G/C 
duplex changes into two separate polaron states. 
It is well known that in adiabatic limit of the Holstein model holes (electrons) collapse 
into autolocalized polarons or bipolarons due to spontaneous breaking of translational 
invariance at ( ) 12/
4
1 4 <<gωh . Since autolocalized states can form with equal 
probability at any site of the chain they appear to be energetically degenerated and 
form polaron or bipolaron energy bands ∆Ep , ∆Ebp , restoring thereby a translational 
symmetry lost during the formation of a localized state. 
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Fig. 10. Charge densities of bipolarons on the G/C duplex, a: κ=0.66, U=0.95; b: κ=0.49, 
U=0.73; c: κ=0.48, U=1.115; d: κ=0.42, U=1.104; e: κ=0.41, U=1.425; f: κ=0.165, U=0.16. 
 
 13 
On the A/T duplex bipolarons appear to be very stable: inequality (10) is fulfilled 
everywhere over the considered region of κ, U parameters. For κ=0.5267 eV and U=1 eV 
the bipolaron binding energy is equal to pbp EE 2−=∆ ≈ -0.13 eV. The relevant 
bipolaron is localized on the site in the center of the duplex, on nucleotides AN, TN+1 
(Fig. 11). A bipolaron with so great coupling energy and small mass (apex perovskite) 
was obtained in paper by A. S. Alexandrov [41] where the estimation of the 
superconducting transition temperature Tc ≈ 300 K was made. 
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Fig. 11. Charge density pj of the bipolaron on the A/T duplex (N=21). 
 
VI. Bipolarons at temperature T ≠ 0. 
Irrespective of a particular mechanism of superconductivity that arises in DNA due to 
polaron and bipolaron states, let us assess approximately the bipolaron decay 
temperature Td based on the bipolaron stability condition. At temperature T > 0 let the 
bipolaron stability conndition be: 
                                                            
( ) ( )TFTF pbp 2< ,                                                        (11) 
where ( ) ( )TZTTF ln−=  is the free energy of the bipolaron and polaron, respectively, 
calculated from the semiclassical statistical sum  
( ) ∑






=
−
−
∫ ∫∏ ∑ n nj
TK
n j
T
n eedTZ
/
2/
2
...
βλβ , 
where 062.0=K  eV/Å2 [37], ( )Njj ββλλ ,...,1=  are eigen values of Hamiltonians of the 
bipolaron and polaron, respectively for the preset displacements of oscillators {βn}. 
The integral is calculated by the Monte-Carlo method as a mean of the subintegral 
function from a random sample of points {βn} uniformly distributed on 
hypercube NRR ],[− . For each point {βn} one solves a linear eigenvalue problem which is 
 14 
a 2N-dimensional for the polaron and (2N)2 –dimensional for the bipolaron. The 
eigenvalue equations for the polaron are: 
( ) jjnjeH λψψαβψ =+rˆ , j=2n-1, 2n; n=1,…,N, 
accordingly, those for the bipolaron are: 
( ) ( )( ) ijijijmnijjeie UHH λψψδββαψψ =++++ rr ˆˆ , i=2n-1, 2n; j=2m-1, 2m; n, m=1,…,N, 
where α=0.13 eV/Å [37], U=0.75 eV for G/C duplex and U=1 eV for A/T duplex.  
Fig. 12 presents the calculation of ( )TFbp  and ( )TFp2  for G/C and A/T duplexes, 
N=5, R=5, the sample ≈104 points. 
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Fig. 12. Bipolaron binding energy a: G/C duplex, b: A/T duplex. 
Fig. 12 suggests that for the G/C duplex, inequality (11) is not fulfilled as Td ≈ 0, for 
the A/T duplex, inequality (11) fails as Td ≈ 0.03 eV ≈ 350 K. As T = Td the equality 
( ) ( )dpdbp TFTF 2=  is equivalent to ( ) ( )dpdbp TZTZ 2= , i. e. a bipolaron breaks down into two 
individual polarons.  
The bipolaron decay temperature Td can serve as an approximate estimate of the 
superconducting transition temperature Tc. Indirectly it is testified by strong difference 
in decay temperatures for G/C and A/T duplexes.  
As T→0 the value of the binding energy ( ) ( ) ( ) pbppbp EEFF 20200 −=−=∆  is 
consistent with that calculated above (see section 5) from the energy of the bipolaron 
and polaron ground state ∆ = -1.5·10-4 eV  for the duplex G/C  and ∆ = -0.13 eV for the 
duplex A/T.  
 
VII. Possibility of experimental verification of the theory. 
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 Notice, that earlier the possibility of bipolaron states in short (six-sites) heterogeneous 
oligonucleotide chains was pointed out in [42]. According to [42], in such chains pairs 
should localize on doublets, triplets and quadruplets of guanines.  
Our model of bipolaron states in DNA is close to the theoretical model by Anderson 
[43] in which electrons in a pair are localized on neighbouring sites (for Poly A / Poly T 
duplex – on adenine A and thymine T of one of Watson-Crick pairs). In this case 
Coulomb repulsion appears to be rather weak which leads to formation of a very stable 
bipolaron which decays at temperature of Тd≅350 K which approximately estimates the 
superconducting transition temperature. It should be stressed that the estimate of Tc 
obtained here is an upper bound. A real value of Tc can be much smaller. For small-
radius bipolarons Tc will be determined by the width of the bipolaron band (i.e. 
bipolaron effective mass). In the case of a narrow band it will be very small. (see, 
however [44-46]). In the opposite limit of large-radius polarons the condition of a 
bipolaron decay into individual polaron states yields the upper estimate given above. In 
any case the estimates obtained testify that up to physiological temperatures electronic 
and optical properties of DNA will be determined by bipolaron states. 
The main problem concerned with the possibility of a superconducting state in DNA 
is that charge carriers (electrons or holes) must occur there, since DNA itself is a 
dielectric. In experiment [5], when measuring conductivity, a DNA molecule was 
fastened to two rhenium-carbon electrodes residing on a micaceous substrate. The gap 
between the electrodes in [5] was carried out by burning-out a ≈0,5 µc thick band which 
represented a mica with islets of residual rhenium-carbon atoms not bonded to one 
another. In our opinion, the appearance of charge carriers in DNA could be caused by a 
contact of the molecule fastened to the substrate with rhenium-carbon islets of the gap. 
Since at low temperatures rhenium is a superconductor, the authors of [5] believed 
that the superconductivity observed was induced. To prove that in [5] DNA 
superconductivity did take place the authors of [6] remade that experiment with 
platinum electrodes which do not turn into a superconducting state at any temperature 
and reproduced the results of [5]. This opens up possibilities for construction of 
superconducting PolyA / PolyT nanowires through electrolytic deposition of atoms onto 
the surface of PolyA/PolyT duplexes so that the atoms would serve as an acceptor 
admixture for p-duplexes and a donor admixture for n-duplexes, by analogy with p and 
n types of semiconductors.  
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